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ByEugeneS.Love

f
b

k investigationhasbeenmadeata Machnumberof1.62 todeter-
minetheeffectsofa smalljetofairexhaustingfromt~enoseof an
ellipticalbody,ofrevolutionuponboundary-layertransitiontidthe
viscous,pressure,andtotaldragof theforebodyatthreebodystations.
Schlierenphotographsoftheflowpatternsin~hevicinityofthe.body
nosewerealsoobtained.ThetestswereconductedatReyndldsnumbersof
2.13x 106and7.66 x 106,basedonbodylength.Themaximumrangeof
thrustcoefficientsforthesmalljetwasfromO to about-0.085.

At thelowertestReynoldsnumber,forwhichtheboundarylayerwas
laminsrovertheentirebodyinthejet-offcondition,a verysmallflow
fromthejetmovedthepointoftransitionforwardtothevicinityofthe
20-percent-bodystation.As thejetflowwasincreased,thetransition
pointmovedabruptlytothenoseat‘athrustcoefficientofabout-0.013.
Thejetcausedlargereductionsinforebodypressuredragregardlessof
thetypeofboundarylayer.At thehighertestReynoldsnumberforwhich
theloundarylayerwaslargelyturbulentinthejet-offconditionthe
totsldrag,includingskinfriction,wasreducedsomewhatby theaction
of thejet.

Althoughtheforward-exhaustingsmalljetwasfoundtohavethe
abovefavorableeffectsuponthedrag,thesefindingsarenotbelieved
tooimportantsincethequestionarisesastothebenefitsofthesame
smalljetexhaustingfromtherearofthebody-intheconventionalmanner.
No attemptwasmadetoestablishgeometricoptimumsinthepresentinves-‘
tigationjyet,froma generalconsiderationofthebenefitsindicatedby
thepresentresultsandthephenomenalmownto occurinthevicinityof
rearward-exhaustingjets,thebenefitsofa smalljetexhaustingrearwsrd
wouldappeartoexceedthoseofthesamesmslljetexhaustingforward,
particularlysowhentheflowoverthebodyislaminarinthejet-off.
condition.
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INTRODUCTION

●

As a resultofrecentexperimentalandtheoreticalinvestigations
intotheshock-boundary-layerphenomenaassociatedwithblunt-nosed
bodies(seerefs.1, 2,and3) someinteresthasbeencentereduponwhat
mightbe achievedby exhaustinga smalJjetof airnearthestagnation
pointof a blunt-nosedbodyor ofa wingwithroundedleadingedge.A
limitedinvestigationconductedintheLangleyg-inchsupersonictunnel
hasshownwhateffectsa,smallJetexhaustingfromthenoseof an’ellipti-
cslbodyofrevolutionmayhaveuponbound&y-l~r transitionandthe
skin-frictionandpressuredragoftheforelmdyata Machnumbsrof1.62.
5s investigationwasundertakenprimarilyto givea clesrerunderstanding
ofthepressure-dragvariationsmeamed ina relatedprojectconducted
by theFlightResearchDivision(ref.3)andto determinewhatover-all.
dragbenefits,ifany,mightbe realized.Whilepresentinterestis
centeredontheeffectsof a smslljetupontheskin-fri@iondragsnd
boundary-lsyertransition,alltheresultsoftheinvestigationarepre-
sentedhereinsincetheyshowtherelationbetweenthesurfacepressures
sadtheviscousscavengingphenomenacreatedby thejet.

TheReyaoldsnumbersforthetestswere2.13x 106~a7.66 x 106
basedonbodylength,theformergivinglaminarflowovertheentirebody
andthelattergivingturbulentflowovermostofthebody(smalljet
inoperative).Thersngeofthrustcoefficientsforthesmalljetwas
fromo to about-0.085. - .’-

,

SYMBOLS.

AJ sreaof jetexit

Am= maximumcross-sectionalareaofbody

P temperaturerecoveryfactor

CT thrustcoefficient,-T
Wmax

AP = ‘(jeton)- ‘(Jet

8= compressible

~c* compressible

3
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mmnentumthiclmess

displacementthickness
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Reynoldsnumber

boundary-layerthickness

~(jet on)- ‘f (jetoff)

forebodypressuredragcoefficient

c-e in ~ causedby jet

skin-frictiondragcoefficient

totaldragcoefficient

totallengthoofbody

Machnumber

localstaticpressure

streamstaticpressure.

streamdynamicpressure

Pz - Po
pressure”coefficient,

%

stagnationpressureof jet

dynamicpressureof jet

radiusofmodel

density

thrust

velocity

velocitywithinboundarylayer

3
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x distancefromnose

Y distancenormalto

Subscript:

5 vslueJustoutside

ofbodymeasured

bodycenterline

boundaryl~r

APPARATUS

WindTunnel

TheLangleyg-inchsupersonictunnelisa

NACABJlLs2119a

alongbodycenterline

.

continuous-operation,
closed-circuitty& inwhi~hthepressure,temperature,andhumidity
oftheenclosedaircanbe regulated.DifferenttestMachnumbersare
providedby interchangeablenozzleblockswhichformtestsections
approximately9 inchessquare.Elevenfine-meshturbulence-damping
screensareinstsJJ_edintherelativelylargeareasettlingchamber
aheadofthesupersonicnozzle.A schlierenopticalsystemisprovided
forflowobservations.

Model

A drawingofthemodelgivingtheorificelocationsandthedetails
ofthesmalljetareshowninfigure1. Theellipticalbodyhada fine-
nessratioof 6 anditsshapeequationwas

-32
()
x

3
+ (2y)2= 1 (1)

As shown,thehollowst~ supportservedastheairconduitforthe
smalljet. Theinternaldiameterofthesmalllengthoftubewhich
formedthejetexitwas0.030inch.A stagnation-pressureleadwas
ventedtotheinsideofthehollowstingsupportnesrthepointwithin
themodelwherethesupportbeganitsinitialreductionincro’ss-
sectionalarea(seefig.1). Thisleadtubewasconductedouttherear
of themodel,togetherwiththeorificeleadtubes,by meansof an
accessholeparallelwithandadjacenttothestingsupport.Thelead
tubesweresolderedandfairedcompactlytothestingsupTort.

Themodelwasmadeof steelsnditssurfacewashighlypolished.
Themachinedordinateswerewithin0.001inchofthespecifiedvalues. ‘
Measurementsof surfacerotighnessshowedthat,excludingtheregionnear
thenose,themodelhada roughnessof5 to 8 rmsmicroinches.Closeto
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thenosetheroughnessincreasedconsiderably,anddeviationsof as
muchas300rmsmicroinchesweremeasured.Thesedeviationsappeared
tobe localize&tooltroughsratherthanroughnessintheusualsense.
b addition,thenecessaryclosespacingoftheorificesnearthenose
probablyaddedtothesurfaceimperfectionsinthisregionsndalong
themeridianinwhichtheorificeswerelocated.

Boundary-LayerSurveyApparatus

A drawingoftheboundary-layersurveyapparatusemployedh
measuringtheprofilesatthreestationsalongthebodyis shownin
figure2. Thelocationsofthesethreestationswithrespectto the
bodynosewe indicatedinfigure1. Basically,thesurveyapparatus
isa single-probemicrometrictraversingsystemmountedon a plate
whichreplacesoneqfthetunnelwindows.Dimensionsofthe headof
thetotal-pnssureprobeobtainedbymicroscopicmeasurementsarepre-
sentedinfime 2(b).A low-voltageelectricalcontactsystemwas
usedto dete;tthe-breakawayofthe-pwk-sfrom

TESTSANDPROCEDURE

Alltestswereconductedata Machnumber

themodel&rface.

of1.62 andat zeropitch
andyawwithrespecttothetunnelsidewallsandcenterline,respec-
tively.Theairforoperatingthesmalljetwaso%tainedfromthedry-
airstoragetanksemployedintunneloperationforwhichthemaximum
storagepressureis500poundspersquareinch.Jetoperationwaslimited,
therefore,to a jetstagnationpressurerangefromapproxhatelyO to
450poundspersquareinch. Thejetstagnationpressurewascontrolled
by meansofa manualgatevalveandrecordedona dialpressuregage.
Fortheabovepressurerange,testswereconductedatReynrddsnumbers,
basedonbodylength,of 2.13x 106and7.66x 106whichpermittedmaximum
thrustcoefficientsof approximately-0.085 and -0.023, respectively(nega-
tiveby convention).ForeachReynoldsnumberandatvaryingthrustcoef-
ficients,thetestsincluded:(1)measurementsof thepressuresoverthe
body,(2)schlierenphotographs.mdshadowgraphsofthephenomna,,and

(3)boti~-la~r surveysatbodystationsof ~ = 0.150,0.483,and
0.767.Thepressuremeasurementsoverthebodywerenotmadebeyond
x-=
L 0.767,sincetheregionisbeingapproachedwheresting-interference

effectswouldinfluencethepressures.Throughouttheteststhedewpoint
waskeptsufficientlylowto insurethattheeffectsfromcondensation
werenegligible. .

.- . ..—. . .—-—----
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REDUCTIONOFDATA

,
Forcalculatingthethrustofthejet,theassumptionsweremade

thatthelossesinthelengthoftubefromthepo@t atwhichthestag-
nationpressurewasmeasuredtotheexitwerenegligibleandthatthe
Machnumberatthejetexitwasunity.Withtheseassumptionsthethrust
ofthejetisgivenby

T = A@j + 0.5283POj
)- Po “ (2)

Theerrorintroducedbyusingequation(2)forthefewcasesinwhichthe
Machnumberattheexitislessthan1 isbelievedtobe small.

ec
Forcalculatingtheskti-frictiondragcoefficientsthevaluesof

~c* weredete~ed as ~ reference1 from

L

and
.

b
ijc*.J[1-0

and

CDf

-1.

1/2

(.)]

M5+j3M2
% 5 + ~Mb2

dy

(3)

.

(4)

appliedtotheexpression

G

whichdoesnotincludea second-order
tO cDf islessthan1 percent.The

(5)

termin bc* sinceitscontribution
resultsofreference1 haveshown

thisexpressiontobe sufficientlyatcurateforevaluatingtheskin-
frictiondragof slenderpsrabolicbodies.Inthepresentcalculations

. —
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thevariationof 5C* with x wasdeterminedfroma curvefaS-redthrough
themeasuredvaluesatthedifferentbodystationsandby assundngthat
both 5C* and 6C becamezeroatthenoseforall.thrustcoefficients.
Theerrorintroducedby suchanassumptionisbelievedtobe smsllexcept
atthehigherthrustcoefficientswherethemassflowof thejetbecomes
appreciableinrelationto themassflowwithintheboundarylayer.h
equations(3)and(k), temperaturerecoveryfactorsof 0.88and1 were
usedwhentheboundarylayerwashewn tobe laninarandturbulent,
respectively,attheparticularstationunderinvestigation.(Seeref.4.)

r PRECISION

Duringtheteststhemodelwasmaintainedat zeropitchwithintO.1°
withrespecttothetunnelsidewallsandat zeroyawwithin~0.070with
respecttothetunnelcenterline.Pastmeasurementsoftheflowangu-
larityinthetunneltestsectionhaveshownnegligibledeviations.The
estimatedaccuraciesofthetestvariablesandthevariouscoefficients
areasfollows:

Machnumber,M . . . . . . . . . . . . . . . . . . . . . . . . fo.01

Reyuoldsnumber,R . . . . . . . . . . . . . . . . . . . :0.04x105
Pressurecoefficient,P . . . . . . . . . . . . . . . . . . *O.002
Forebodypressuredragcoefficient,’c+ . . . . . . . . . . *O.002
Thrustcoefficient,CT . . . . . . . . . . . . . . . . . . . :0.0002

Investigationsofthetotal-pressureprobeusedintheboundary-
layersurveyshaveshownthat,forratiosofprobeheighttoboundary-
layerthichessof1/3orless,theprobehasnomeasurableeffectupon
theconditionorthicknessoftheboundarylayerandthatitexperiences
no’measurabledeflectionsintraversingtheboundarylayerata given
Reynoldsnumberoftheflow.Howeverjinthepresentteststheprobe
heightwasconsiderablygreaterthan”l/3theboundary-layerthickness
forthelaminsrprofilesat ~ = 0.150and0.483for R = 2.13 x 106,

andfortheprofilesat ~ = 0.150for R = 7.66x 106. Theeffectof

theprobefortheseconditionsisnotknown;therefore,whiletheprofile
shapesfortheseconditionsmaybe indicativeofthetypeofboundary
layer,theskin-frictioncoefficientscomputedfromtheseprofilesshould
be acceptedwithconsiderablecaution.

An indicationofthereliabilityof skin-frictionvaluesdetermined
fromsurveyswiththisprobewhentheprobeheightis1/3theboundary-

G layerthickness,orless,maybe seeninreference4 wheregoodagreement

—.-.— . ...—— .——— — .—.
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wasshownbetweenthevaluescomputedfr6mtheprofilesandthoseobtained
fromforceandpressuremeasurements.k thepresenttestsprobeposition
couldbemeasured
*500microinches.

within *250 microinchesandrepeatedwithinanestimated

RESULTSANDDISCUSSION

boiivmressures.-Theexmertientalnressuredis-.Effectsof jetupm
tributionsovertheforebodyarepresentedinfi-&re3(a)f~ra Reynolds
numberof2.13x 106aadinfigure3(b)fora Reynoldsnumber6f’
7,66x 106. Theeffectof increasingCT (negatively)indecreasing
thebodypressuresneaxthenoseisclearlyshown.Mostofthiseffect
isconfinedtotheforward5 percentofthebody.Figure4,whichpre-
sentsthechangeinlocalpressurecoefficientwith CT forthefirst
fourorifices, givesa furtherindicationofthelocalizationofthis
beneficialreductioninbodypressuresandshowsthatalltheorifices
initisllyexperienceanincreaseinpressure.Alsoindicatedisthe
slmostnegligibleeffectof increaseinfree-streamReynoldsnumberupon
thechangeinthesebodypressures.

,.
As shownby thecurvesoffigure3 thepeskpressuresmoverearward

tithincreasingthrustcoefficient.Thelocationsofthesepeakpres-
suresarepresentedinfigure5 asa functionofthrustcoefficient.
(Theselocationsweretakenfromenlargedcurvesemployedinevaluating
thepressuredrag.)Alsoenteredinfigure~ arecurveswhichshowthe
thrustcoefficientformaximumpressureandthethrustcoefficient(CT# O)
forwhichAP = O ata givenbodystation,asestablishedby thedataof
figure4. Comparisonsofthesecurvesindicatethata bodystationexperi-
encesitsmsxhmmpressureata thrustcoefficientlowerthanthatfor
whichthepressurepeakwouldoccuratthestationandthatthepeakpres-
sureapproachescloselythepessuxeatthatstationfor CT = O (see
,insertfig.5).

Correlationofpressurevariationswithobservedphenomena.-Some
insightintothevariationsexhibitedby thecurveoffigure5 defined
by thepeak-pressurelocationsisgainedfrom,theshadowgraphsand
schlierenphotographsoffigures6 and7 andthesketchesofthephenomena
infigure8. Thephenomenainthevicinityofthenoseappeartobe
independentoftheReynoldsnumberoftheflow;therefore,no differ-
efitiationismadeinthisregardinthefollowingdiscussion.

At CT= O (jetoff)a detachedbowwaveexistsaheadofthenose.
As thejetbeginsto flow,a near-conicalshockisformedwhichprotrudes
aheadofthelocationoftheoriginalbowwaveandisfollowedby a.second

CONFlQj2NTIAT,?-.
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shocknecessary

9

determinedby theeffects
ofthebodyupontheinclinationoftheboundaryoftheturb~entspillage
fromthejet. Thenear-conicalandthesecondaryshockjoina shortdis-
tanceawayfromthebodytoformthesinglebowwave.As CT increases,
andthejetremainssubsonic,thispointof juncturemovesoutwardand
thetipofthenear-conicalshockmovesforward.Thesegenerslcharac-
teristicsofthephenomenacontinueuntilthejetfirstbecomessupersonic.
Whenthisoccursthenear-conicalshockimmediatelyjumpsrearward,losing
itsnear-conicalshapeandtakingtheroundedshapeof a bowwave. This
abruptchsngewasobservedforbothincreasinganddecreasingthrustcoef-
ficient.Thesketchinfigure8(c)istypicalofthenewformofthejet-
shockphenomena.

Basedupontheassumptionthatthestaticpressureactingagainst
thejetexitisthestagnationpressurebehinda normalshockat M = 1.62,
thevalueof CT forinitialsupersonicflowwascomputedtobe approxi-
mately-0.0042.Thetwoscblierenphotographsoffigure7(a)at
CT = -0.0051showthatthisvaluecorrespondstotheexperimentalstsrt
of supersonicflow. Thedifferencebetweentheactualandcalculated
valuesof CT isprobablydue‘totheinadequacyofthealmveassumption
andthelosseswithinthesmslljettube. Theexperimentalresultsof
figure7 showthatthepeakpressuresuddenlymovesbackonthebodyat
CT = -0.0054.Theexplanationforthissuddenresrwardmovementmaybe
seeninthesketchesoffigure8’andby examinationoffigures6 and7.
As longasthejetremainssubsonic,thesecondaryshockremainsjust
aheadofthebodynose.Whenthejetbecomessupersonicandthenear-
conicalshockcollapsesto a roundedshape,thesecondaryshockcomesin
contactwiththebodynose,andthepointfromwhichit stemsisdeter-
mined.bytheabruptchangeinflowdirectionattheintersectionofthe
well-defined(ascompsredwiththesubsonicjet)boun@ryofthejet
spillageandthebodysurface.Thesuddenrearwardmovementinthepres-
surepeak,therefore,correlateswiththeresrwarQ movementofthesec-
ondaryshockto a positionof contactwiththebodynose,andtheexist-
enceofa pressurepeakcorrelateswiththeriseinpressurethroughthe
secondaryshock.

.
Oncethejetis supersonic,thereisapparentlynochangeh the

pressure-peaklocationuntil CT reachesa valueof about-0.013.Fig-
ures6 and7 showthatwithinthisrangethesecondsryshockappearsto
remainstationary,itsbasebeingalmostcoincidentwiththenoseofthe
body. Beyonda value-0.013thereisa rearwardmovementofthesecondary
shockandtheboundaryofthejetspillageappearstobecomenmreturbu-
lentandlesswelJdefined.Near CT = -0.02,thejetspillagelosesits
tendencytoturnintowardthebodyandstreamsresrwsrdb a highlytur-
bulentmanner,intersectingthebodylessacutelyandtherebycausinga
weakersecondsryshock.BetweenCT = -0.013~d -0.02,fi~ 5 shows

“-i6iiFmiiFm@i—
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thepressurepeaktomoverearwardina mannersimilartothesecondsry
shockmovetint.Beyond@ = -0.02,therearwardmovementofthepres-
surepeakwithincreasingCT becomesessentiaQylinesr,falling

—,

offslightlyatthehighestthrustcoefficients.Inlikemanner,fig-
ures6 snd7 showthatoncethephenomenais suchas,sketchedinfig-
ure8(d),thereisa steadyrearwardmovementofthesecondaryshock
withincreas~ CT. b thisrangetheexpansionbulbformedby the
exhaustingjetcontinuestogrow,anditsincreastigdismetercauses
theturbulentjetspi13.ageto intersectthebodyfartherandfsrther
rearwardtherebycausingweakersecondaryshockswhichtendto ‘lambda”
intotheturbulentspillage.At thesametime,thegrowthoftheexpan-
sionbulbslsocausesa strongerbowwayewhichat CT = -0.0852 appesrs
strongerthantheoriginalbowwaveat CT = O.

Althougha distinctcorrelationbetweenthemovementofthesecondary
shockandthemovementofthepeakpressurehasbeenshown,allofthe
pressurerisemsynotbe a resultofthesecondsryshockslone.Thephe-
nomenaas sketchedb figure9 arebelievedto representmoreaccurately
howthepeakpressureisrealized,aswellasthereductioninpressures
aheadofthepeak. Theinductioneffectsattheboundaryofthejet
expsnsionbulbcausea rotationoftheflowas shownintheregionbetween
theexpmsion-bul.bboundaryandthelimitsoftheturbulentspillage.To
theleftof somepoint P thisrotationtendsto scavengetheairaway
fromthebodysurface,therebyreducingthepressures.At thepoint P
theflowisnormaltothesurfaceandcreatesa stagnationpointinsofar .
asthespillageandturbulentinterchangeisconcerned.Totherightof
point P theflowisdeflectedby thesurfaceandcontinueddownstream.
Thus,a stagnationpint P maybe determinedwithoutthepresenceof
thesecondaryshock.However,astheexpertientalresultsshow,thetur-
bulentspillagemeetsthebodysurfaceat somefiniteangleandthesec-
ondaryshockarises.Thepresenceofthisshockandtheresultingpres-
sureticreasewouldverylikelycausethestagnationpoint P tobe
nearerthebodynosethanwouldbe thecaseinitsabsence.

Fromtheabo& reason3ng,thepeakpressureappearstobe createdby
a combinationofthepresenceofthesecondaryshockanda stagnationof
thecirculationwithintheturbulentspillage.However,whilesuchseems
likely,itdoesnotseemnecessarilytruethatthepeakpressurewould
occurexactlyat P. Theincreaseinpressurecausedby theshockmight
be greaterthsnthestagnationpotential.ofthecirculatingturbulent
spil&ge,whichisundoubtedlyexperiencinglargeener~ lossesinthe
formofviscousscavengingandturbulentexchange,and,if suchwerethe
case,thepeakpressuremightoccurbetweenP andthebaseofthesec-
ondaryshock.

Figure10presentsresultsat M = O andatatznosphericpressure
,,

ofthevariationofthepressuresatthefirsttwoorificeswithincreasing

— --
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CT. (IncomputingCT,thevalueof qo for R = ~.13 x 106 wasused
inorderthatrelativecomparisonsmaybemadebetweentheobserved
phenomenaat M = O and M = 1.62.) Thedecreaseinpressureshownfor
theseorificesindicatestheexistenceofviscousscavenging.Theshadow-
graphsshowtheformationofthejetexpansionbulbintheabsenceof
impingingflow.

Thevaluesof forebodypressuredragobtainedfromtheexperimental
pressuredistributionsoffigure3 srepresentedinfigure11forthe

! twoReynoldsnumbersandfortheportionsoftheforebodyaheadof the
threestationsatwhichboundary-layersurveysweremade. Theeffectof
thejetindecreasingtheforebodypressurebag isappreciable.At
CT = -0.0852 thereductionismorethanone-halfofthepressuredrag
at CT = o. Theabsoluteamountofthisreductionis showninfigure12.
HereagainthenegligibleeffectofReynoldsnumberis shownaswellas
theindicatedconfinementof thereductiontotheregionofthebodynear
thenose. h figure13thedetrimentalincreaseindragduetothethrust
of thejethasbeensubtractedfromthebeneficialdecreaseinpressure
drag. Theresultantvaluesrepresenttheover-alldragchange,exclusive
of changesin skinfriction,frdmthenosetothethreebodystations.
Initiallythereisa veryslightincreasefollowedby a rapiddecrease. “
A maximumreductionindragcoefficientof approximately-0.029isresl-
izedata valueof CT of about-0.05.At lsrgervaluesof CT the
dragreductionshowsa generaldecrease.

Effectsof jetuponboundary-layertransitionandskinfriction.-
Boundary-layerprofilesmeasuredatthethreebodystationsarepresented
intermsoflocalMachnumberinfigures14 and15forthetwoReynolds
‘numbers.Figure16presentsthelocationofthetransitionpointon the
bodyasa functionofthrustcoefficient.Thepelocationsweredetermined
wherepossiblefromenlargedschlierenphotographsas inreferences4
and5 inwhichgoodagreementwasshownforthepositionsthusindicated
andthosedeterminedbyboundary-layersurveys.

Thoughit ispossiblethatalltheener~ ofthejetflowmaynotbe
dissipatedincompletingtheapproximately180°turnforceduponitby
thehpingingfreestream,ifanysuchener~.remainsin-theformof
velocitieswithintheboundarylayerthatarehigherthanwouldbe the
caseat CT = O,thentheyarenotsufficientlylocalizedtobe detected
intheprofilesoffigures14 and15. Inreducingtheprofiledata,the
totalpressureattheedgeof,theboundarylayerwasnotedtobe rather
consistentlyabout1.o8timesthetotal-pressurerecoverybehinda normal
shockat M = 1.62. Otherthanthedirectindicationoflosseslessthan. normalshocklosses,thesignificanceof the1.08factorisnota~arent..

. (At thelowerReynoldsnumberR = 2.13x 106),forwlqchhdJH flOw
wasobservedovertheentirebodyinthejet-offcondition,themost

.
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significanteffectofthejetisto causetransitionto
wardonthebody. ThisisindicatedinfigureI-6where

NACARML52119a

.
occurwell.for-
thetransition

pointis showntomoveforwardrapidlywithincreasingvaluesof CT
lessthanabout-O.003;withfurtherticreasein CT thetrsmsition
pointmovesforwardslowly.Comparisonoftheprofilesoffigure14
withfigure16 appearsto indicatea generalcorrelationbetweenthe
profileshapeandthelocationofthetransitionpoint.At ~ = 0.150

extrapolationtothecurveoffi~e 16 indicatesthattheprofiles
shouldbe laminsrfor CT = O to about-0.013andturbulentbeyond

cT-=-00013.Similarly,at ~ = 0.4-83theprofilesshouldbe turbu-

lentbeyondCT = -0.0022;andat ~ = ().767theprofilesshouldbe

turbulentbeyondCT = -0.001.Theprofilesoffigures14(a),(b),

and(c)substantiatetheseindications.Inlikemannerfor R = 7.66x 10%
xat – = 0.150.extrapolationtothecurveoffigure16 showstheprofilesL

shouldbe turbulentbeyondCT~ -0.01;at ~ = 0.483and0,767 sll.pro-
filesshouldbetkbulent.Againjtheprofilesoffigure15tendto sub-
stantiatetheseindicationswiththepossibleexceptionoffigure15(a)
for ~ = 0.150wherethelargeratioofprobeheighttoboundary-layer
thicknessprobablymasksanyappreciablechangeinprofllleshape.

k thepreviousdiscussionsofthejetphenomenatheobservation
wasmade,onthebasisoftheratherstrongindicationsoffigures6 and
7,thatthesp~%e fromthejetwasturb~ent.Thee~~ged photo- .
graphsusedto obtainthedataforfigure16 seemedto confirmthisbut

\ alsoindicatedthattheturbulenceofthespillagetendedtobecome
dampedinnesringthebodysurfacetotheektentthatat somepointon
thebodyatorveryneartienosetheboundarylayerbecomeslaminar.
Thispoint,orthepointatwhichtheturbulentspillageceasestomask
thelaminsrboundarylayer,appearstomoveslightlyrearward with
increasingthrustcoefficientwhenthejetisbothsubsonicandsuper-
sonicprovidedCT doesnotexceedapproximately-0.013.Whenthejet
is supersonictheturbulenceofthespillsgeseemstobe lessenedcon-
siderably.Fromitsinitialpoint,thelaminarruncontinuesfora short
distsaceuntilthepointofnaturaltransitionisreached.Figure3
shws thatinthisregionof1~ flowthereisa hi@ly favorable
pressuregradient.Withincreasingthrustcoefficient,thisregionof
lsminarflowtendstobecomesmsllersince,as showninfigure16,the
pointofnaturaltransitionmovesforward,probablybecauseofthe
increasedturbulencelevel’oftheflowwettingthebody. Thus,the
laminarregioncontinuesto decreaseuntilata thrust
the’vicinityof -0.013(for R = 2.13x 106)thesmall

c:~~

— .—. —-—

coefficientin
remaildnglaminar

——
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regionis suddenlyeliminated.b thediscussion
figures6 and7,thesecondaryshockwasshownto

13

ofthephenomenaof
exhibitno appreciable

rearwardmovementontothebodysurfaceuntila valueof CT = -0.013
wasexceeded.Thesuddeneliminationofthesmallremaimhglaminsr
regionnearthisvalueof CT appears,therefore,tobe theresultof
shock-boundary-layerinteractionatthebaseofthesecondaryshock
causingtransitiontotur~ulentflow.

~ viewoftheeffectofthejetincreatinggreaterregionsof
turbulentflowoverthebody,particularlyat R = 2.13x 106,thepre-
viouslypresentedover-alldragreduction(% - c’)‘xclusim‘f ‘m
frictionwouldbe somewhatoffsetby therisein skinfriction.Skin-
frictiondrsgcoefficientscalculatedforseveralconditionsarepre-
sentedinthetabletofollow.Thesevaluesaresubjecttotheinade-
quaciespreviouslydiscussedinthesectioncoveringprecision:

R = 2.13 X106 R= 7.66x 106
Station,~

CT I CDf CT I CDf

0.150

II

o 0.0054 0 0.0060
.483 0 .0150 0 .0255
.767 0 .0194 0 .0470

.150 , -.0027 .0081 -.0019 .Oom

.483 , -.0027 .0287 -.0019 .0252

.767 -.0027 .0503, - ● 0019 ..0487

.1X -.0758

.483 -.0758

.767 -.0758 I%1=1$:
At CT = O,thelowvaluesof skin-frictiondrsgforthelower

Reynoldsnumbercorrespondtolsminarflow. Thoughthechangein ~
attheforwardstationat CT = O asa resultof increasingReynolds
numberopposeswhatmightbe expected,theindicateddifferenceiswithin
theaccuracyofthecalculations,andthevsluesof CDf maybe taken\
ashavingthesameorderofmagnitudeandcorrespondingto laminarflow.
Thehighervaluesof CM atthemiddleandrearstationsat CT= O for

thehigherReynoldsnumbercorrespondtoturbulentflow.At R = 2.13 x 106
and CT = -0.0027thegeneralagreementbetweenthevaluesof C% atthe
middleandrearstationswiththevsluesatthecorrespondingstationsfor

.
Colwimimij’

- .-. . .—— .—— ——
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CT = O and R = 7.66 x 106 showsthatatthelowestthrustcoefficients -
theeffectofthejetismerelytotriggerturbulenceatthesestations.
Thiseffectisfurthersubstantiatedby a comparisonofthevaluesat .
CT = O and~.0019 at R = 7.66x 106 atthemiddleandrearstations.
Inviewoftheabove,thegeneralagreementshownatthelowestthrust
coefficientsbetweenthevaluesof Cm forbothReynoldsnumberswould
be expected.Theeffectofhighthrustcoeff~cientsisto increaseCDf,
particularlyattherearstation.

Jeteffectsupontotsldrag(exclusiveofbasedrag).-Theeffectof
thejetin increasingskin-frictiondrag Q hasbeenaddedtothe

( )previouslypresentedvaluesof ~ - CT to obtainthechangeintotal
drag q. Theresultingvsluesof ACM aretabulatedbelow:

R = 2.13 X106 R = 7.66 x 106
Station,? CT Q CT AC*

0.150 -0.0027 -0.0027 -0.0019 0.0028
.483 -.0027 .0093 -.0019 0
.767 -.0027 .0263 -.0019 .0017

.150 -.0758 -.0054 -.0224 -.0188

.483 -.0758 .0015 -.0224 -.0154

.767 -.0758 .034Q -.0224 -.0106

Thevaluesof AC~, togetherwiththeresultsoffigure13, indi-
catethat,whentheflowoverthebodyislaminarat CT = 0,theeffect
of thejetuponthetotsldragispredominantlyunfavorablebecauseof
theincreasein skinfrictionresultingfromthelargeregionsoftur-
bulentboundarylayercreatedby thejet. Whentheflowovermostof
thebodyisturbulentat CT = O,thejetcancauseappreciablereduction
intotaldrag.

CONCLUDINGREMAFK3

Theresultsofthepresentinvestigationat a Machnumberof1.62
haveshownwhateffectsa smsXljetof & exhaustingfromthestagnation
pointof anellipticalbodyofrevolutionmsyhaveuponboundary-layer
transitionandtheviscous,pressure,andtoteldragoftheforebodyat

~_._ —.

.

.

.

.



NACARM L52119a -:70~ 15.-
& -

.

threebodystationsforReynoldsnumbersof
basedonbodylength.

At thelowertestReynoldsnumber,for

2.13 x 106and 7.66x106,

whichtheboundarylayer
waslaminarovertheentirebodyinthejet-offcondition,awery smaU
flowfromthejetmovedthepointoftransitionforwardto thevicinity
of the20-percent-bodystation.As thejetflowwasincreased,thetran-
sitionpointmovedabruptlytothenoseat a thrustcoefficientof about
-0.013.Thejetcausedlsrgereductionsinforebodypressuredragregard-
lessofthetypeofboundarylayer.At thehighertestReynoldsnumber
forwhichtheboundarylayerwaslargelyturbulentinthejet-offcondi-
tionthetotaldrag,includingskinfriction,wasreducedsomewhatby
theactionofthejet.

Althoughtheforward-exhaustingsmalljetwasfoundtohavethe
abovefavorableeffectsuponthedrag,thesefindingsarenotbelieved
tooimportantsincethequestionarisesastothebenefitsofthesame
smalljetexhaustingfromtherearofthebodyintheconventionalmanner.
No attemptwasmadetoestablishgeometricoptimumsinthepresentinves-
tigation,yet,froma generalconsiderationofthebenefitsindicatedby
thepresentresultsandthephenomenalmowntooccurinthevicinityof
remward-exhaustingjets,thebenefitsofa smalljetexhaustingrearward
wouldappeartoexceedthoseofthesamesmalljetexhaustingforward,
particularlysowhentheflowoverthebodyislsminarinthejet-off
condition.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAero~utics,

LangleyField,Va.
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Figure 3.-Pre6mre cUstrlbutionswith varying thrust coefficient.
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Thrust wafflclent, C-r

Figure 4.- Change in pressure coefficientvith varying thrust coefficient
for firat four orificee.

. . . .



i

0 R@J3xlo”

n R=Z66X106
— — cT~ md~m Pfrom figure 4

_ .—-— GTti AP=Ofrom tlgura4

.05

3

.04 - / -

/
/

v-
/

/ / -
.

.03 /
N

/
s ~/ /

.

/ ‘
,/ P

.02 /
/

{ p’ k

/

.01
/ 3 x

-r

0 -.01 -m -.03 -.04 -.05 -.06 -,07 -.08 -.09

Thrust coefficient, ~

Figure 5.- Location of peak presswre with varying thrust coefficient.



—

—.—. __—
-— NACAF&f.

II
I
I

@l!!!!q-----...
v+- ! i,.
,-.

.1.’%-.:
:-.-+

.%” ‘..

a —.-...,..
—— —.. . . ..—— . . . .

CT=-.003[

I

-

,’

‘,

c I
CT =-.0041

1

CT%0060

.

I

.
CT=-.0115

~

,,,”

(}..,.

L---L-J
CT=-.0207

(o) R=2.13x10b.

=s=
Figure6.- Shadowgraphsof ~etphenomena.L-76153

. mmmiiiiimj$

.——

.

.



4H

L

.

.

L52119a

r ‘-
t’(:*
——.-J

CT =.02*
——-.——...——..—._

a~.
$ ~.

.. .’*..+

GT =-.05?5

I

.

.

CT=-,0390 CT=-.0666

I
.’

,.

~ (’4,\,
‘,.

I

q=-.o652
(o)Goncluded.

-=5=
Figure6.- Continued.L-761cj4

. ...-—. . . . .. ~= —— —.—.— —



.— .

26

CT=O

CT =-.0021

,..,.

.

CT =-.oo~
(b)

NACARM L52119a

CT =-.0028

CT =-.0044

CT =-.00?0
R=766X10?

T
Figure6.- Continued.L.’76I55

~am-<_.
.—

.,

.

.

.



.

NACARM L52119a “-:_-%Q~ r
.

\
——

CT =-.0095 ~ CT =-.0172

-.. —__&__d
q +)224
(b) Concluded.

=&=
Figure6.- Concluded.L-76~56

27

.. —.— —. — —— — ——.—— —-——



— —.–.- —

.—

~ –-.— “1.

—

~--” – --l

CT =-.0027

I ,“
/ 7

I . ,/
,/ “4-*“-

NACARM L52119a

.’

/
/ “‘1

.
CT =-.0042

——

..

I //

CT =-.0032

Figure7.- Schlieren

(a) R=213x

photo~phsof

CT =-.0051

I&.

jetphenomena.L-76157’

.

.

.

.

__ . . .---
-._——mmmTIAL -J-—

.—



NACARM L~2119a 29

.

.

/

/’”

..

CT =-.0060

/’‘
/“

CT =-0069

I ,/’
/ -(

I I

CT =-.0115
(a)

=-.0207

?

-
/‘“

I

,
0

CT =-.0299 “

,. ,:.
1

//

CT=-.0390
Continuwf.

Figure7.- Continued.L-76158

—,

.—__.___ —



.—. ..—

30 “ IiACARML52119a—_

,—
r 1

CT =-0483
—
;/ 7

CT =“.0575

CT=-.m66

CT =-.0758

GJ =-.0852
(a) Concluded.

-

Figure7.- Continued.L-76159

.

———



.

.

.

NACA

—.-..————-

RML52119a
—
-Iiijjic@TEIE.N!mq

.——— _ — .—— —r ‘“ -’ / ,
~7.

1. 1
.

CT=O CT =:0025
7–—— .— _ —.. -.—

..
,,

.- (
“ /

.“-4
., ? i

1

CT=-.0020

i—- ‘~ -/
/“,“ /.,’ . . . I

CT=-.0027

. —.,—.
-1

+’ .1

31

CT =-.0022 CT =-.0030

(b) R=766X106.

=s=
Figure7.-Continued.L-76161

— — .———.-.



32 .a~+ NACARM— ..

[- ——-—

t

CT =-.0032

CT =-.0045

CT =-.0053

(b)

c~ =-.0079

CT =-.0130
—., T--
----+’ I

. /’y”‘ _ :

CT =-.0[56

Continued.

~

Figure7.- Continued.L-76160

_~%e@m3B~.

L52119a



5H NACARM L52119a
—.<._—_

. —---, .,, {
I ./’’”.-1 3

./
‘1~=

—..
I .*. ,

.

.

CT =-.0233

(b) Concluded.

=s9=
Figure7.- Concluded.L-76162

YmiT?md.——-—

33

—————. . . —-—



\,
\\

\

I

(b) 0=-C~>- 0.005E$. (c) c~=-o.oo53to-cLo13.(d) GT&.~ .(dcT~().

Figure 8.-Sketches of typical jet phenomena.



1



.— ..— —

36 — .-:._=—-mm?’ NACARM L52119a

704 ~
L

& .Cm3
-.02 n.olw

u h h

o -.01 -.02
Th.k#w~,cknt,cT

(a)Pressurevariation fcr fimt two orifices.

Cfo

CT=-.0154 CT=-.0470

ms!i!!r!
CT =-.0251 CT.-.0600

(b) Shadowgraphsof jet phenomena.

=s=
Figure10.- Shadowgaphsandpressureeffectsofjetat M = o.L-76163



c ,

I

!

I

I

.20

c!?*.
jj .16
0

i

g .12

t!

#
k

~
08

f

.04

0 -,01 -,02 -.03 -,04 -.05 -.06 :07 -.08 -.09
Thrust coeft’lcient, ~

Figure 11.- Variatlon in forebody pressure tig coefficient with varying
thrust coefficient.



~USt C06ffiCkIII~,CT

%’

I

I

Figure E?.- ~ge in forebody pressure drag coefficientUIth varying
thnwt coefficient.

.



-i! -i
00,150

0 (2X7

.03-

pa
; g-a
e~ g

2 :

::-.01
SE

to
0 -.0[ -,02 -.03 -.04 -.05 :06 -.07 :08 -.09

Thrust cmfflcient, ~

Figure 13.- Change in forebody premure @g coefficient minus thrust
coefficient with varying thrust c~fficient.



—-—

.

,

43 NACARM L>2119a

.180 c~

❑ -.0029
.160 ,0-.0115

A-w
D-.0574

.140”

.120

.100””

~
o
“: .080

.060

.040

.020

oh ID 12 1.4 1.6 1.8
Mach number,M

(a) ‘~ =0.150.

Figure14.-Boundary-layerprofileswithvaqylngthrustcoefficient

at R = 2.13x 106.

TTe~

— ——. . .. .



6H NACARM L52119a 41

.120
%

0-.0027
.100

D -.0758

.080

(n
E
~ .

..060
h

.040

.020 d

-
0.8 I.0 1.2 1.4 1.6 1.8 2

Machnumber, M
(b) f= 0.483.

.0

Figure14.- Continued.

.

.———-- mmmmg
Q

_ —.. ___ ._ — ———.—. .—



42 . 430mmmTaL-. NACARM L52119a
“~-

.180
cT

.0 0 ,’
do
d’c)

.160 “d-m7 I

1 I I I I I ! I 1 1 I

. ---- .

..%%R .. If’
A-..0390
D-eo758

.140
A

.[20

.ICO . ‘

.080

.060

.040

.020

I I I I I A I I
I

,kw’I I bwl I I
I I n

I Mw i & 8

J4--lw 1=s=7I

F YE?. . F

‘s
1 1

Lo 12 1.4 1.6 1.8 2.0

,

Machnumber,M

Figure14.- Concluded.

.—-..— .. —.. ———-— ---— —

.



.

RM L52119a coNFIDENT~

%

0-.0020
0:0122

.040

g .020

1.0 12 1.6 [.8 20
Machnumber,M
(a)+ .0-1500

.080
cT

00
❑-.00I9 ‘ t

.060 0-.0043 II
A-.O223

.040

//

T

I I I I I I I I I
0.8 LO

J I I
1.2 1.4 [.6 1.8 $

Machnumber,M .,

(b)+= 0.483.

Figure15.- Boundary-layerprofileswithvaryingthrustcoefficient
atR= 7.66x 106.

com~
.—..—_.. _ ..— — .—. —.— — .— ~ ——— . . . .



—

44
1

“-’coNFIDENTmy..- NACARM L52119a
-_-—=+i”

.160
CT

o 0
•1-.00!9 4

.140 0-.0044.
A -.0224 /!L

E
.120

L!

.100

.080

v

.060

.040

.020

#

L

0.8 Lo 12 1.4 1.6 1.8 20
Mach number,M
(C)+ =0.767.

.

.

Figure15.- Concluded.
.— _-—

—— .



,

I

!2

o R=~13x]oG

1.0~ ❑ R’ z66xl@
\

\

.0 ‘,
\
\
\

.6 ‘,

\

.2
-

I
I

-. A. A.I I I I I J
o -.UI nuz :Ua =04

Thrust coefflclent, CT

Figure 16.- Changeh location of transition point on body surface with
~ thrust coefficient.

&

I

I


